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Abstract
High-magnitude storm events such as Hurricane Sandy are powerful agents of geomorphic change in coastal marshes, potentially
altering their surface elevation trajectories. But how do a storm’s impacts vary across a large region spanning a variety of wetland
settings and storm exposures and intensities. We determined the short-term impacts of Hurricane Sandy at 223 surface elevation
table–marker horizon stations in estuarine marshes located across the northeast region of the United States by comparing post-
storm surface elevation changewith pre-storm elevation trends.We hypothesized that the storm’s effect onmarsh elevation trends
would be influenced by position relative to landfall (right or left) and distance from landfall. The structural equation model
presented predicts that marshes located to the left of landfall were more likely to experience an elevation gain greater than
expected, and this positive deviation from pre-storm elevation trends tended to have a greater magnitude than those experiencing
negative deviations (elevation loss), potentially due to greater sediment deposition. The magnitude of negative deviations from
elevation change inmarshes to the right of landfall was greater than for positive deviations, with a greater effect in marshes within
200 km of landfall, potentially from the extent andmagnitude of storm surge. Overall, results provide an integrated picture of how
storm characteristics combined with the local wetland setting are important to a storm’s impact on surface elevation, and that the
surface elevation response can vary widely among sites across a region impacted by the same storm.

Keywords Hurricane Sandy . Marsh dynamics . Storm impacts . Surface elevation table . marker horizon . SET-MH . Structural
equationmodeling

Introduction

Understanding the impacts of tropical cyclones on the stability
and resilience of coastal wetlands is important considering the
change in the observed and projected frequencies and relative
intensities of storm events, and the need for coastal wetlands
to trap and retain adequate sediment loads to keep pace with
rising sea levels (Knutson et al. 2010; Bender et al. 2010;
Peduzzi et al. 2012; Emanuel 2013; Hall and Sobel 2013;

Horton et al. 2011, 2014; Leonardi et al. 2018). Previous re-
search has shown that low-frequency, high-magnitude storm
events are powerful agents of geomorphic change, resulting in
both positive and negative changes in elevation trajectories
through impacts on both the surface and subsurface soil pro-
cesses controlling marsh surface elevation (Cahoon 2006;
Day et al. 2008). These processes can include sediment depo-
sition and erosion, storm surge-related soil compaction, and
altered plant community dynamics, the latter of which may
include mortality of existing vegetation or promotion of
growth through increased availability of nutrients from newly
deposited sediment (Cahoon et al. 1995; Cahoon 2006; Day
et al. 2008; Castagno et al. 2018). Death of wetland vegetation
can lead to loss of elevation by increased root zone decompo-
sition and erosion, whereas increased root growth can lead to
elevation gain by root zone expansion (Cahoon et al. 2003;
Day et al. 2011). Marsh erosion can affect the ability of estu-
arine systems to retain sediment inputs and can also lead to a
loss of sediment trapping potential of marsh platforms
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resulting in further deterioration of salt marshes through a
positive feedback-loop (e.g., Donatelli et al. 2018).

The physical characteristics of a storm (e.g., wind speed,
storm surge height, impact angle of landfall) combined with
local wetland conditions (e.g., marsh primary productivity and
health, groundwater level, elevation capital, tidal range) are
important factors determining a storm’s impact on marsh sur-
face elevation (Mallin and Corbett 2006; Inamdar et al. 2011;
Fagherazzi 2014). Some fundamental physical characteristics
of tropical cyclones in the northern hemisphere include ele-
vated wind speeds that push and pile-up seawater as the storm
advances over the ocean and counter-clockwise winds. The
latter characteristic means that a storm’s physical impacts are
typically greater in the northeast quadrant (i.e., the upper right
quadrant relative to storm direction) where winds blow toward
shore as the storm approaches the coast. Yet, every storm is
unique in terms of its wind speed, size (storm diameter), rate
of forward motion, amount of rainfall, timing of landfall rela-
tive to tide height, angle of approach to the shore, and the local
nearshore bathymetry and coastal geomorphology at the point
of landfall (Prandle and Wolf 1978; Resio and Westerink
2008; Aretxabaleta et al. 2014, Aretxabaleta et al. 2016).
This unique set of physical characteristics determines the in-
tensity and duration of a storm’s impact on coastal landforms
it encounters.

On October 28, 2012, Hurricane Sandy traveled north on a
track parallel to the Atlantic coast of the United States, with
the strongest winds on its western side (Fig. 1; and see Fig. 7
in Blake et al. 2013). When the hurricane reached the mid-
Atlantic region (National Aeronautics and Space
Administration 2013; Fig. 1b, c), it combined with a cold front
moving from the northwest. The storm turned to the northwest
and made landfall on October 29, 2012, as a large 1611 km
diameter post-tropical cyclone near Brigantine, NJ (Fig. 1a),
with maximum sustained winds of 130 km/h (Blake et al.
2013). As a result of this turn, coastal habitats located to the
right (north) of the landfall point continued to be besieged by
winds of the Hurricane’s northeast quadrant pushing water
ashore. Conversely, coastal habitats located to the left
(south) of the landfall point experienced strong winds out of
the northwest shifting to out of the southwest during storm
passage (Fig. 1b, c), thereby limiting the extent and depth of
storm surge in this region (Dennison et al. 2012).

The major impacts of Hurricane Sandy on coastal environ-
ments were related to the effects of storm surge and associated
coastal flooding (Blake et al. 2013; Valle-Levinson et al.
2013). Several factors contributed to the creation of record
high storm surge and coastal inundations in the New Jersey,
New York, and Connecticut region north of landfall. In addi-
tion to the large storm extent, Hurricane Sandy made landfall
at high tide and at an angle closer to perpendicular to the New
Jersey shore than any hurricane in the historical record (Hall
and Sobel 2013). The return period for a storm of Hurricane

Sandy’s intensity with this angle of approach is 714 years
(Hall and Sobel 2013). These factors, combined with the con-
figuration of the New Jersey-NewYork-Connecticut shoreline
and New York Bight bathymetry, caused the storm surge to
rise up to 3.86 m in the vicinity of New York City (Blake et al.
2013). A record storm tide (the combination of the storm surge
and astronomical tide) of 4.28 m was recorded at the Battery
in New York City (Blake et al. 2013). Historical increases in
sea level and mean flood heights contributed to the record
high storm surge and storm tide heights at New York City
generated by Hurricane Sandy (Kemp and Horton 2013;
Talke et al. 2014; Kemp et al. 2017; Reed et al. 2015).
Consequently, the flooding depths over upland ground level
in parts of this region of the coast were as much as 3 m (Blake
et al. 2013) during Hurricane Sandy. In contrast, the peak in
storm surge height to the left of landfall in the coastal bays of
the Delmarva Peninsula behind Fenwick and Assateague bar-
rier islands was only ~ 1.2 m (Dennison et al. 2012).

Surface elevation change in a wetland following a
storm can vary widely among multiple sites impacted by
the same storm and among different storms for the same
site given the unique characteristics of different wetland
types and storm events (Cahoon 2006). Thus, changes in
surface elevation trends should not simply be extrapolated
from one wetland to another for any given storm, or from
one storm to another for any given wetland. However, by
using surface elevation data collected across a large geo-
graphic area that spans a variety of wetland settings, as
well as storm exposures and intensities, we can improve
our understanding of wetland vulnerability and provide
predictive capability of severe storm impacts on marsh
surface elevation change.

The goal of this study was to evaluate Hurricane
Sandy’s short-term impacts on marsh surface elevations
by analyzing elevation data collected from marshes of
the northeastern region of the United States, both before
and after the storm, using the surface elevation table-
marker horizon (SET-MH) method (Cahoon et al. 1995;
Webb et al. 2013). We hypothesized that differences in
storm surge extent and duration on either side of a storm’s
point of landfall and within different geomorphic settings
could differentially influence the coastal marsh processes
related to sediment deposition, sediment erosion, and soil
compaction ultimately resulting in changes in marsh ele-
vation trends. In addition to the variation in marsh expo-
sure to storm processes, we hypothesized that pre-storm
surface elevation trends (rate of change and degree of
variation) may influence post-storm deviations from ex-
pected change. We predicted that processes driving large
variations in pre-storm elevation changes would continue
to do so and these marshes would experience greater post-
storm deviation from expected. We had no particular ex-
pectation for or against there being an effect of rate of
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Fig. 1 a Map showing Hurricane Sandy track and intensity, as well as
locations of moored National Oceanic and Atmospheric Administration
(National Oceanic and Atmospheric Administration 2010) National Data
Buoy Center (NDBC) buoys recording wave height and period (adapted
from Sopkin et al. 2014). bNighttime image of Hurricane Sandy captured
16–18 h before landfall by the Visible Infrared Imaging Radiometer Suite

(VIIRS) on the National Aeronautics and Space Administration (NASA)/
NOAA Suomi National Polar-orbiting Partnership satellite, a composite
of several satellite passes (image provided by University of Wisconsin-
Madison). cNASAAqua satellite image of Hurricane Sandy, October 29,
2012, 2:20 p.m. EDT (NASA 2013; both images accessed at www.nasa.
gov/mission_pages/hurricanes/archives/2012/h2012_Sandy.html#11)
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change prior to the storm and included this variable in our
initial model to minimize a possible source of error. These
assessments of coastal wetland responses were then used
to estimate the impact of Hurricane Sandy on marsh sus-
tainability and the potential impact of similar future
storms.

Methods

Study Area and SET-MH Stations

The study area included estuarine and back-barrier lagoonal
tidal wetlands along the northeastern coast of the United
States from Virginia to Maine, an area that spans the track of
the storm as it turned north toward the US coast (Fig. 1). Plant
communities were predominantly dominated, or co-dominat-
ed, by Spartina alterniflora, Spartina patens, Schoenoplectus
americanus, or Distichlis spicata, with less than 5% dominat-
ed, or co-dominated, by Salicornia spp., Phragmites australis,
and Juncus roemerianus. High-resolution wetland surface el-
evation change and accretion data were collected within this
region (Fig. 2), both before and after the storm, using the SET-
MH method (Cahoon et al. 2002a, 2002b). These SET-MH
stations were installed during the past two decades indepen-
dently by several federal and non-federal agencies, nongov-
ernmental organizations (NGOs), and academic institutions to
investigate or monitor elevation dynamics in coastal wetlands
(Online Resource 1). The data included in this study were
collected using either the original Pipe SET method (24.2%
of SET-MH stations, Cahoon et al. 2002a) or the Rod SET
method (75.8%, Callaway et al. 2013) (see Online Resource
2). The SET-MH method was developed originally to address
hypothesis-driven research questions related to processes con-
trolling marsh surface elevation change; however, over time it
has been used increasingly to monitor long-term elevation
change relative to local sea-level trends. Hence, SET stations
are located in wetlands best suited to address specific research
questions or monitor the habitat sustainability at a specific
wetland (Lynch et al. 2015). Thus, the collection of stations
represents an opportunistic regional network, not a strategical-
ly planned regional network, to assess storm impacts.

Data from this opportunistic network enabled large spatial-
scale assessments of storm impacts and wetland responses
along a gradient of impact intensity by quantifying the overall
change in marsh surface elevation. A total of 1230 records
were received from collaborators and the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) approach (Moher et al. 2009) was used for identi-
fying, screening, and determining eligibility of SET-MH sta-
tions (Fig. 3). Data were excluded at three stages in the
PRISMA process: (1) records were screened to determine if
theymet our initial criteria (unique record, within study region

and target community, and intact benchmark); (2) for each
remaining record, we determined the availability of data and
records were excluded if data were not provided by collabo-
rators; and (3) SET-MH data were assessed for eligibility
based on exposure to experimental treatments, pre- and post-
storm record and data anomalies (Fig. 3). A total of 965 SET-
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Fig. 2 Maps of study region showing storm track, wind swaths (34 knot
and 64 kn) and clusters of SET stations representing 223 unique SETs
with eligible surface elevation table (SET) data in each category: a
position relative to landfall (left or right), b geomorphic setting (back-
barrier lagoon [BBL] or estuarine), and c storm surge (no surge or surge).
Storm track and wind swath shapefiles from the National Oceanic and
Atmospheric Administration (2014)
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MH stations met our initial criteria and, of these, 223 stations
had data suitable for inclusion in our analyses. All elevation
data used in this study came from SET-MH stations that met
the following criteria: within estuarine emergent marsh locat-
ed between Virginia and Maine (inclusive), was not exposed
to experimental treatments, had at least three years in the pre-
storm record, was measured within one year following
Hurricane Sandy (October 2012–October 2013; frequency
distribution of post-storm measurement dates can be found
in Online Resource 3), and the post-storm measurement was
taken within the same season as the pre-storm record. To min-
imize seasonal variation, we used data from one eligible sea-
son per SET (either winter/spring or summer/autumn); thus,
measurement season was consistent within a specific station,
but varied among stations. We identified two SET stations
with large outliers, one inconsistent pre-Sandy trend (Plum
Island, MA) and one large post-storm deviation from expected
(Delaware Bay). Plum Island experienced two large

deposition events, causing poor fit of long-term trends, and
artificially inflating the post-storm deviation datum. The
Delaware Bay station had a post-storm deviation of 138 mm
from expected. As we had insufficient representation spanning
this gap, and these outliers were likely to have considerable
pull on parameter estimates, we removed them from our anal-
ysis. Eligible accretion data (i.e., MH) were missing from 66
of these 223 SET-MH stations, which limited the data avail-
able to evaluate our hypotheses, so our analyses were conduct-
ed only on the elevation data from SETs.

Structural Equation Modeling

We developed a multivariate hypothesis for evaluation using
the available data and structural equation modeling (Grace
2006). A central part of our hypothesis is that differences in
physical drivers of storm surge extent and duration on either
side of a storm’s point of landfall and within different

Fig. 3 Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flow diagram detailing the omission of surface
elevation table-marker horizon (SET-MH) records from the inventory
and the Hurricane Sandy effects analysis. Records are removed from

the tally as you move down the flow diagram and the list within each
box. NOAA National Oceanic and Atmospheric Administration, NPS
National Park Service; n = number of SET-MH stations
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geomorphic settings could differentially influence the coastal
marsh processes related to sediment deposition, sediment ero-
sion, soil compaction (from storm surge water overburden), and
ultimately marsh surface elevation change (Cahoon 2006).
Based on the physical characteristics of Hurricane Sandy, we
used existing knowledge to develop an initial structural equa-
tion model (SE model) describing the processes driving marsh
surface elevation change (Fig. 4). SEM is a methodology de-
signed to address questions about complex systems; it is best
understood as a framework for quantitative analysis that uses
statistical techniques rather than a statistical method itself, and
one that permits the evaluation of networks of direct and indi-
rect effects (Grace et al. 2012). The SEM approach used in this
study examines both direct and indirect influences on marsh
surface elevation change. Variables representing storm expo-
sure and intensity (e.g., distance from landfall and position
relative to storm landfall [left or right]), and geomorphic setting
are predicted to directly influence both presence of storm surge
and marsh surface elevation change. Additional variables that
may account for otherwise unexplained variance (e.g., the rate
and variation in pre-storm surface elevation change) are not
predicted to influence storm surge exposure and are therefore
included only as possible direct effects on marsh surface eleva-
tion change. The surface elevation change model and storm
surge sub-model in Fig. 4 (hypothetical model) were analyzed
separately using a piecewise approach to model estimation and
evaluation using R version 3.3.1 (Grace et al. 2012; R Core
Team 2016). This approach allowed us to choose from a
broader array of tools for evaluating each component of the
overall model. Corrected Akaike’s Information Criterion
(AICc; Burnham and Anderson 2002) was used for comparing
candidate models chosen for interpretation.

Elevation Response Variable

Post-storm deviation from the expected surface elevation
change trend was used as the measure of Hurricane Sandy effect
onmarsh surface elevation.We first calculated a pre-storm trend
for each SET by fitting a regression line to the pre-storm total
elevation change measurements using R version 3.3.1 (R Core
Team 2016). We extended this regression line one year beyond
the date that Hurricane Sandy made landfall and measured the
residual distance from this line to the post-storm total elevation
change measurement using a distance to line R function devel-
oped by Bourke (2015). Total surface elevation change is the
mean change in pin height since baseline, at each survey interval
for each SET (28–36 pin measurements). See Online Resource
4 for an example of this procedure.

Predictor Variables

The predictor variables fell into two categories: (1) variables
representing storm exposure and intensity, and (2) variables

that may account for additional variance in the deviation from
expected surface elevation change post-storm.

Variables representing storm exposure and intensity in-
clude distance from storm landfall, position relative to storm
landfall, geomorphic setting, and exposure to storm surge
(within or outside surge zone) (Fig. 2). We calculated distance
from SET station to storm landfall (39.4° N, 74.4° W; Blake
et al. 2013) using the sp package in R version 3.3.1 (Pebesma
and Bivand 2005; Bivand et al. 2013; R Core Team 2016).
Distance was calculated in kilometers and was scaled prior to
analysis to increase similarity with the magnitude of other
predictors (dist. = distance to landfall/1000).

Position relative to landfall was assigned as those to the left
(south) or those to the right (north) of storm landfall (39.4° N,
74.4°W; Blake et al. 2013; Fig. 2a). Stations to the left or right
were assigned a 1 or 0, respectively, during analysis. This
variable represents a complex array of processes. Different
physical characteristics between the two positions include,
but are not restricted to, wind intensity and direction, move-
ment of water and surge retention time, geomorphic setting,
and differences in underlying parent material which may have
implications for sediment transport and trapping (Stevenson
et al. 1988).

Stations were assigned to one of two potential geomorphic
settings: (1) estuarine marsh and (2) back-barrier lagoonal
(BBL) marsh (Cahoon et al. 2009; see Online Resource 5
for descriptions of geomorphic setting categories). Stations
within estuaries that flowed into back-barrier lagoons were
included in the latter category, as the barrier island was likely

Fig. 4 Initial structural equation model illustrating hypothesized links
between predictor variables and response variables. Exogenous/external
predictors include distance to landfall, geomorphic setting (estuarine or
back-barrier lagoon [BBL]), position relative to landfall (left or right),
coefficient of variation in pre-storm data, and rate of pre-storm
elevation change. Exposure to storm surge was hypothesized to be a
key mediator variable in the model
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to influence storm surge timing and severity. Stations within
estuaries and those within back-barrier lagoons were assigned
a 1 or 0, respectively, during analysis.

Storm surge area was obtained from the Hurricane Sandy
Impact Analysis–Federal Emergency Management Agency
(FEMA) Modeling Task Force (Federal Emergency
Management Agency 2015). As high-resolution data did not
cover the entire study region, we used the Medium and Low
Resolution Storm Surge Extent (Interim 30-meter Storm
Surge Extent 110112) in ArcGIS 10.1 to assign a storm surge
category (present/absent). Stations that were assigned to the
storm-surge-absent category were then visually examined and
reassigned if needed (Online Resource 6 provides details on
reassigned stations). Stations exposed to (present) and those
not exposed to (absent) the storm surge were assigned a 1 or 0,
respectively, during analysis.

Additional variables to account for unexplained variance
include both the coefficient of variation and the rate of change
in the pre-storm record. Coefficient of variation (CV) of the
residual distance from the pre-storm elevation trend line was
calculated using the formula: CV = (standard deviation×100)/
mean residual distance of pre-storm measurements per SET.
This metric indicates the natural long-term variation at the site.
Rate of change was extracted from the regression line predict-
ed by the pre-storm total elevation change measurements used
to calculate the elevation response variable. This metric was
used as an indication of long-term trends in marsh elevation
change.

We used generalized variance inflation factor analysis
(VIF) to assess the co-linearity between predictor variables
using the car package in R version 3.3.1 (Zuur et al. 2009;
Fox andWeisberg 2011; R Core Team 2016). Variables with a
VIF > 3 are generally considered to have high co-linearity.
Additionally, we generated bivariate plots to visualize corre-
lations between predictor variables.

Model Building

We hypothesized there would be a nonlinear response to dis-
tance to storm landfall by both response variables (deviation
from expected and presence of storm surge). For this reason,
we compared models containing a linear distance curve with
those containing a quadratic distance curve in order to deter-
mine the best basemodel for each response variable (deviation
from expected change and storm surge presence).

To determine the best model for deviation from expected
elevation change, a logical subset of all possible models was
assessed. All candidate models included distance to storm
landfall and predictor variables were added to this base model
consistent with a model building approach. Model complexity
was increased with each additional predictor added, until all
main effects were included in a full model. In each step, var-
iable addition was based on the degree of correlation between

the residuals from the previous model and the remaining pre-
dictor variables. Interactions between distance to storm land-
fall and all other variables, and between geomorphic setting
and all other variables were then considered and added to the
full model. To manage model complexity and guard against
overfitting, models only included one interaction at a time.
Main effects were retained along with significant interaction
terms. The main effects were examined in each interaction
model and the variable with the greatest P value was removed
from the subsequent model. This process was repeated on the
simplified model and continued until all main effects were
either present in an interaction or had a P value of < 0.05. A
total of 46 scientifically plausible candidate models were de-
veloped through this process for multi-model comparison
(Online Resource 7).

For the storm surge sub-model, all models included dis-
tance to storm landfall. Position relative to landfall and geo-
morphic setting were included as main effects and in interac-
tion with the distance variable. No models included both cat-
egorical predictor variables. A total of five models were in-
cluded in the storm surge sub-model list (Online Resource 7).

Model Assessment

Model assessment ensured a consideration of all possible link-
ages, with evaluations based on AICc (Burnham and
Anderson 2002). Candidate models for each response variable
were ranked using their AICc value. We calculated the differ-
ence in AICc (ΔAICc) from the lowest AICc value (AICcmin)
for each candidate model (AICci) using the formulaΔAICc =
AICci − AICcmin. Models with ΔAICc < 2 were considered
equivalent (Burnham and Anderson 2002). The simplest mod-
el with the lowest AICc within this top model list was consid-
ered the best model and its parameter estimates were used for
interpretation. Models were compared using the AICcmodavg
package in R version 3.3.1 (Mazerolle 2016; R Core Team
2016).

Spatial Autocorrelation

Spatial autocorrelation occurs when the residuals of data
points that are spatially close together are not independent
(Bivand et al. 2013). We used Moran’s I to statistically
test for residual spatial autocorrelation in the deviation
from expected response variable using the spdep package
in R version 3.3.1 (Bivand and Piras 2015; R Core Team
2016). Spatial autocorrelation was assessed on links be-
tween seven neighboring pairs (k = 7). Weights were stan-
dardized by row, where weights were divided by the row
sum (style = W). Since spatial autocorrelation was detect-
ed, we calculated the effective sample size (neff = n / (1 +
absolute Moran’s I statistic estimate)) and adjusted the
AICc values for all top models, adjusted AICc values
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AICcadj = (AIC + ((2K(K + 1))/neff − K − 1)), and adjust-
ed summary statistics for predictors in the best deviation
from expected model and storm surge sub-model.

Statistical Programs and Packages Used

All analyses were conducted, and graphics were created, using
R version 3.3.1 (R Core Team 2016) and ArcGIS 10.4. The
following R packages were used during data formatting: re-
shape2 (Wickham 2007), plyr (Wickham 2014), and
data.table (Dowle et al. 2015).

Results

Correlation Between Predictor Variables

The VIF values were less than three for all predictors in both
the deviation from expected and storm surge models. This
result obviates concerns about inflation of standard errors for
parameter estimates resulting from multicollinearity. A table
of VIF values and bivariate plots between predictor variable is
available in Online Resource 8.

Distribution of SET-MH Stations Used in Effects
Analysis

A number of factors contribute to the distribution of sampling
in large spatial datasets, resulting in uneven dispersion of rep-
licates among geographic and geomorphic settings. In this
study, some of these spatial factors include the opportunistic
nature of the SET-MH network, the distribution of geomor-
phic settings along the east coast from Virginia to Maine, and
the location of Hurricane Sandy landfall (Fig. 2). The distri-
bution of eligible SET stations between geomorphic settings,
position relative to storm landfall, and distance from storm
landfall (Table 1 and Fig. 2) shows that the majority of stations
within back-barrier lagoonal marsh were located to the right of
landfall (78%) and the majority of stations within estuarine
marsh were located to the left of landfall (73%). SET stations
occur from 8 km to as much as 557 km from the storm landfall
(Table 1).

Deviation from Expected Surface Elevation Change
Model

The model with the lowest AICc value (1758.71) included a
quadratic curve relationship between deviation from expected
surface elevation change and distance from storm landfall.
The model based on a linear relationship was greater than
two points higher than this AICcmin model (ΔAICc = 21.34;
Online Resource 9). Therefore, all models were designed to
accommodate a quadratic distance curve.

Three of 46 models had a ΔAICc less than 2 from the
AICcmin model (Online Resource 9), and thus are statistically
equivalent. The simplest model was model 15e, which includ-
ed an interaction between distance from and position relative
to landfall, but no other predictors (Online Resource 9). See
Online Resource 10 for model summary information and
model predicted versus response plot. Model 15e was deter-
mined to be the best model available for predicting deviation
from expected surface elevation change following Hurricane
Sandy, where model 15e includes distance from landfall, po-
sition relative to landfall, and their interaction.

As deviation from the expected surface elevation change
trend was spatially autocorrelated (P < 0.001, SD = 7.89), we
calculated effective sample size and used this to calculate an
adjusted AICc value for the three top models (Online
Resource 9). Although the ΔAICc based on the adjusted
values (ΔAICc for model 15c = 0.625 and model 15e =
0.633) differed from the unadjusted values (ΔAICc = 0.67
and 0.681, respectively), the order did not change.

Parameter estimates from model 15e (best model) indicate
that within approximately 200 km from storm landfall there
was a greater negative deviation from the expected elevation
change trend (elevation loss) and a greater effect of distance to
landfall in stations to the right of landfall than to the left (Fig.
5, Online Resource 10).

Of the 223 eligible SET stations, there were 125 stations
(56.1%) with a deviation greater than expected (elevation
gain) and 98 stations (43.9%) with a deviation less than ex-
pected (elevation loss; Fig. 6a). Stations with the greatest ele-
vation loss were located to the right of landfall, whereas sta-
tions that experienced the greatest elevation gain were to the
left of landfall (Fig. 7, Table 2). The range in deviation from
the expected elevation change trend was greater to the right of
landfall than to the left (113.2 and 88.8 mm, respectively;
Table 2). To the right of landfall there were greater negative
values (elevation loss) than to the left (minimum = − 69.4
[Forsythe National Wildlife Refuge, NJ] and − 28.8 mm
[Delaware Bay, DE], respectively) and the maximum positive
value (elevation gain) was lower to the right than to the left of
landfall (maximum = 43.8 [Fire Island National Seashore,
NY] and 60.0 mm [Delaware Bay, DE], respectively, Fig. 7).

Owing to yearly variation among surveys, we expected that
post-storm measurements would exhibit some deviation from
the expected change trend, irrespective of hurricane influence.
Post-storm residual distance from the pre-storm trend line
(Fig. 6a) and pre-storm mean residual distance (Fig. 6b) was
less than or equal to ± 5 mm for 62.8% and 89.7% of eligible
SET stations, respectively, indicating greater variation in the
residual distance (in other words, exceeding ± 5 mm) post-
storm. Based on these distributions, we suggest that a devia-
tion of greater than 5 mm from expected is more likely to
indicate an effect of Hurricane Sandy on the rate of elevation
change than a deviation of less than 5 mm. If we look at the
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stations with a greater than 5 mm deviation from expected, we
find that stations to the left of landfall were more likely to
experience a greater than expected elevation change (27 sta-
tions; 77.1%) than a less than expected change (8 stations;
22.9%; Fig. 7a; Table 2). This trend was also evident in the
range and mean deviation from expected values exhibited to
the left of landfall (range = − 28.8 to 60.0 mm; mean loss = −
15.9 ± 3.6 mm; mean gain = 18.0 ± 2.4 mm; Table 2). This
suggests elevation gain wasmore prevalent than elevation loss
in stations located to the left of landfall. To the right of land-
fall, the proportion of stations with greater than expected
change was similar to those with less than expected change
(28 stations (58.3%) and 20 stations (41.7%), respectively;
Fig. 7b; Table 2). Stations to the right tended to experience
greater elevation loss than elevation gain relative to pre-storm
trend predictions (range = − 69.4 to 43.8 mm; mean loss = −
19.7 ± 4.8 mm; mean gain = 10.9 ± 1.6 mm; Table 2).

Storm Surge Sub-model

The model that assumed a linear relation between storm surge
and distance from storm landfall had the lowest AICc value
(145.04). Even though the model containing the quadratic

relation had a ΔAICc less than two (ΔAICc = 0.94; Online
Resource 9), the linear relation was included in all storm surge
sub-models for simplicity.

Two of five storm surge models had aΔAICc less than two
from the AICcmin model (Online Resource 9) for predicting
presence of storm surge. The simplest model was sub-model
3, which consisted of distance from, and position relative to,
landfall with no interaction (Online Resource 9). Therefore,
sub-model 3 was considered the best model available for
predicting storm surge presence during Hurricane Sandy.
See Online Resource 10 for model summary information.

We calculated effective sample size and used this to calcu-
late an adjusted AICc value for the twomodels with the lowest
AICc value (Online Resource 9). The ΔAICc based on the
adjusted sample size (ΔAICc = 1.31) was greater than the
unadjusted value (ΔAICc = 1.27); however, the order did
not change (Online Resource 9).

Based on sub-model 3 (best model), the probability that a
station was exposed to the storm surge was predicted to de-
crease with increasing distance from landfall (Fig. 8, Online
Resource 10). Sub-model 3 also predicted a shorter distance of
influence to the left of landfall than to the right (Fig. 8, Online
Resource 10).

Fig. 5 Graph of post-storm
deviation from expected surface
elevation change along the
distance to storm landfall gradient
(kilometers). Lines are parameter
estimates, from the best model
(Online Resource 10), for stations
to the right (closed circle, solid
line) and left (open circle, dashed
line) of storm landfall. Dotted
gray line indicates null
expectation. Solid gray line
indicates 200 km from landfall.
Only eligible surface elevation
data are displayed and used in
analysis (223 surface elevation
table stations)

Table 1 Number of SET stations
used in analyses and distance to
storm landfall (min., max., and
range) for each unique
geomorphic and geographic
location category. Categories
based on geomorphic setting
(back-barrier lagoon, estuarine)
and position relative to landfall
(left, right)

Data Descriptor Back-barrier lagoon Estuarine Total

Left of landfall Right of landfall Left of landfall Right of landfall

SET No. SET stations 26 90 78 29 223

SET Min. dist. (km) 154.5 8.0 90.0 152.3

SET Max. dist. (km) 249.0 557.1 298.9 303.9

SET Range dist. (km) 94.6 549.1 208.9 151.6
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The omission of storm surge from the best deviation-
from-expected-change model may reflect the variation in
direction (loss or gain) more than the magnitude of the
effect. There were a greater number of eligible SET

stations with storm surge present than absent (175 and
48, respectively; Fig. 9). The deviation from the expect-
ed elevation change trend had both greater positive (el-
evation gain) and negative (elevation loss) values and

Fig. 6 Frequency distribution of a post-storm residual distance from
expected (mm, ±) and b pre-storm mean residual distance (mm,
absolute) using all eligible surface elevation table data (n = 223)

Table 2 Summary information
for stations with a deviation from
expected elevation change greater
than ± 5 mm. Number of stations
(N) with elevation gain and loss in
each position relative to landfall
category (all stations, left, right),
along with the maximum value,
mean and standard error (SE) are
included

Position Direction of elevation effect N (%) Maximum
deviation (mm)

Mean ± SE (mm)

All Gain 55 (66.3%) 60.0 14.4 ± 1.5

Loss 28 (33.7%) − 69.4 − 18.6 ± 3.6

Left Gain 27 (77.1%) 60.0 18.0 ± 2.4

Loss 8 (22.9%) − 28.8 − 15.9 ± 3.6

Right Gain 28 (58.3%) 43.8 10.9 ± 1.6

Loss 20 (41.7%) − 69.4 − 19.7 ± 4.8

Storm surge Gain 103 (58.9%) 60.0 7.9 ± 1.0

Loss 72 (41.1%) − 69.4 − 7.5 ± 1.7

No storm surge Gain 22 (45.8%) 20.4 4.3 ± 1.1

Loss 26 (54.2%) − 11.5 − 2.5 ± 0.6

Fig. 7 Frequency distribution of post-storm residual distance from
expected for surface elevation table stations to the a left and b right of
landfall
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greater mean values at stations exposed to the Hurricane
Sandy storm surge (range = − 69.4 to 60.0 mm, mean
gain = 7.9 ± 1.0 mm, mean loss = − 7.5 ± 1.7 mm)
than those outside storm surge influence (range = −
11.5 to 20.4 mm, mean gain = 4.3 ± 1.1 mm, mean
loss = − 2.5 ± 0.6 mm, Table 2). There was a greater
percentage of stations within the ± 5 mm deviation from
the expected change trend in areas that storm surge was
absent from than present (77.1% and 58.9%, respective-
ly; Fig. 9). This suggests that even though storm surge
tended to increase the magnitude of deviation from ex-
pected, it had a complex influence on marsh surface
elevation change, resulting in both loss and gain, which
may explain the absence of this effect in model
selection.

Structural Equation Model Selected for Interpretation

We used the best deviation-from-expected surface eleva-
tion change model and storm surge sub-model to create a
revised SE model (Fig. 10; compare with initial model in
Fig. 4). Distance from landfall (− 0.71) and position rel-
ative to landfall (− 0.16) were found to explain the like-
lihood of storm surge presence in the SET data. Observed
storm surge presence or absence, however, did not help
explain deviation from the expected surface elevation
change trend. Rather, deviation from expected elevation
change was explained by the interaction between distance
from landfall and position relative to landfall (see, e.g.,
Figs. 4 and 6). Furthermore, geomorphic setting,

coefficient of variation in pre-storm elevation trend, and
rate of pre-storm elevation trend had no significant effect
on the deviation from the expected elevation change.

Discussion

Spatial Variation in Storm Impacts

Understanding the impact of Hurricane Sandy on coastal wet-
land surface elevation change requires knowledge of both the
physical characteristics of the storm and its interaction with
the coastal landforms it encounters. There are important land-
form differences in coastal geomorphology and wetland set-
ting on either side of the point of landfall at Brigantine, NJ. To
the right of landfall the predominant wetland type is back-
barrier marsh, whereas to the left it is predominantly estuarine

Fig. 9 Frequency distribution of post-storm residual distance from
expected for eligible surface elevation table stations with storm surge a
present and b absent

Fig. 8 Storm surge presence (1) or absence (0) along the distance from
landfall gradient. Lines are predicted probability values from the best sub-
model (sub-model 3) for stations to the right (closed circle, solid line) and
left (open circle, dashed line) of storm landfall. Data andmodels are based
on eligible surface elevation data (223 surface elevation table stations).
Points are randomly jittered along the vertical axis for visibility of
overlapping points
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marsh along tidal tributaries of Delaware Bay and Chesapeake
Bay. Even thoughmarsh settings are separated geographically,
wetland type did not influence marsh elevation trends or the
presence of storm surge (Fig. 10). The spatial characteristics
of the storm apparently overwhelmed any influence that wet-
land geomorphic setting had on storm impact. Hurricane
Sandy’s physical characteristics meant that storm surge area
was more extensive right of the landfall in the northeast quad-
rant of the storm, than left of the landfall where winds
switched from out of the northwest to out of the southwest
during storm approach and passage (Dennison et al. 2012;
Middleton 2016; see Fig. 1). This difference in surge dynam-
ics resulted in important differences in wetland impacts to the
right and left of the landfall point. The smaller surge area to
the left of landfall indicates a shorter distance of surge influ-
ence compared with the right of landfall (Fig. 8). In addition,
stations to the left of the storm landfall were considerably
further away from this position than stations to the right
(Fig. 2, Table 1). To the left of landfall, elevation gain relative
to pre-storm predictions was more prevalent than elevation
loss, and the greatest elevation gains for the northeast region
were found in these stations. To the right of landfall, stations
experienced the greatest elevation loss and range in deviation
from expected, and the maximum elevation gains were lower
than stations to the left. These effects appear to be the result of
the interaction between distance from and position relative to
landfall as shown in the SE model (Fig. 10). This finding is

supported by a remote-sensing study of Hurricane Sandy’s
storm surge impact on salt marsh condition (Rangoonwala
et al. 2016), where salt marshes located within 200 km right
(north) of landfall experienced high surge persistence and high
salt marsh condition change compared with marshes farther
north of the storm track.

Rapid assessment of Hurricane Sandy impacts based on
qualitative visual observations made in the weeks immediate-
ly following the storm revealed low levels of physical impacts
to coastal marshes in general across the northeast region
(American Littoral Society 2012; Grubel et al. 2012;
Dennison et al. 2012) and our results found that approximately
63% of SET-MH stations experienced an elevation change
that was within the expected range of variability of pre-
storm trends (5 mm deviation from trend). Along the shores
of New Jersey, Long Island Sound, and New York Harbor-
Raritan-Jamaica Bays, 14–17% of marshes experienced mod-
erate levels of physical damage whereas 54–64% of marshes
experienced low levels of physical damage (American Littoral
Society 2012). Only a few marshes exhibited high levels of
physical impacts (e.g., Little Egg Harbor). Typically, wrack
deposits were visible at the marsh upland edge in many
back-bay marsh areas, but not in the marsh itself. Marsh-
edge erosion was observed in some locations (e.g.,
Barnegat Bay marshes located at the point of landfall;
Martha Maxwell-Doyle, Barnegat Bay Partnership, per-
sonal commun., May 18, 2017), but no quantitative data
were available to evaluate its extent across the region. A
geographic information system (GIS) analysis of
Hurricane Sandy impacts to coastal wetlands of New
Jersey revealed that salt marshes were impacted by either
erosion or sediment deposition (Hauser et al. 2015).
Although such visual observations can be useful, they also
can be misleading because they do not account for the
storm’s influence on subsurface processes such as shallow
subsidence or shallow expansion (e.g., root zone expan-
sion from enhanced root zone growth or dilation water
storage), which can vary widely among sites and storms
and are often the dominant control on elevation change
(Cahoon 2006). For example, a review of major storm
impacts revealed that when compaction related to storm
surge occurred, it ranged from 3 to 33 mm (Cahoon 2006).

In an empirical, quantitative evaluation of three marshes in
Delaware Bay left of landfall and three marshes in Barnegat Bay
right of landfall where SET-MH sampling stations had been
established 1.5 years prior to Hurricane Sandy, Quirk (2016)
found little evidence of widespread wrack, sediment deposition,
or vegetation removal on the marsh surface. Over the post-storm
period, Quirk (2016) reported that surface accretion/erosion was
within the range of variability prior to the storm in all six
marshes. Surface elevation change over the post-storm period
was within the range of variability of pre-storm trends for four of
the six marshes, with one of the remaining marshes exhibiting

Fig. 10 Revised surface elevation model. Solid lines represent pathways
among predictors present in the best deviation from expected model
(model 15e) and storm surge sub-model (sub-model 3). Dashed lines
represent hypothesized pathways that were not supported in the best
models. Simple standardized effect estimates are presented on the graph
for non-interacting relationships and for the combined effect of the
interactive influence of distance from landfall and position relative to
storm landfall (indicated by the line from the solid dot to deviation
from expected surface elevation change)
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significant shallow expansion and the other significant shallow
subsidence (Quirk 2016). Similar storm surge effects on sedi-
ment deposition processes were observed in 1989 by Gardner
et al. (1991, 1992) in a South Carolina salt marsh impacted by
Hurricane Hugo, a category 4 storm whose approach was per-
pendicular to the shore. Mud was deposited in the forest located
inland of the salt marsh, but not in themarsh itself (Gardner et al.
1991). They hypothesized that the 3–4-m-deep surge protected
the marsh surface from wind, wave action, and currents. Quirk
(2016) also hypothesized that much of the material carried by
Hurricane Sandy flood waters passed over the marsh and was
deposited along areas of taller structure thanmarsh grass, such as
the upland-forest edge. In addition, recent investigations using
large-scale experimental flumes demonstrate that vegetated
marsh surfaces effectively attenuated waves and prevented ero-
sion of the marsh surface during storm surge flooding (Moller
et al. 2014; Rupprecht et al. 2017). Leonardi et al. (2018) recent-
ly reviewed the interaction between storm surge and salt marsh
vegetation as it relates to surface sedimentation and erosion.

These observations may explain why surface elevation
gain was lower and surface elevation loss more likely in
marshes located right of landfall, where storm surge was more
extensive and strongest during Hurricane Sandy. It is likely
there were fewer opportunities for sediment deposition on the
marsh surface and more opportunities for compaction of the
marsh substrate by the overburden of the 3–4-m storm surge
compared with marshes located left of landfall. It may also
provide insight into why marsh surface elevation gain was
more prevalent in the marshes to the left of landfall, where
the surge was less extensive and less deep, such as
Chesapeake Bay. In Chesapeake Bay, Dennison et al. (2012)
reported that winds during Hurricane Sandy started from the
northwest as the storm approached the mid-Atlantic (blowing
water to the south, out of the bay) and transitioned to the
southwest as the eye of the storm passed inland north of
Chesapeake Bay (Fig. 1). The wind shift to the southwest
blew water from the west side to the east side of Chesapeake
Bay, causing wind-driven flooding on the east shore. Thus,
deviation from the expected post-storm elevation trend was
greater on the east side than the west side of the Chesapeake
Bay (5.4 ± 1.7 mm versus 0.7 ± 0.9 mm). Post-storm field
observations by Cahoon at Blackwater National Wildlife
Refuge (NWR; east side) (Cahoon pers obs) revealed storm-
related sediment deposits on some brackish marsh surfaces
along the Blackwater River that flows into Fishing Bay on
the east shore of Chesapeake Bay. Apparently, sediment-
laden water pushed up into the headwaters of rivers and small
bays along the east shore of the bay associated with the ~ 1-m
surge resulted in more prevalent sediment deposition and ele-
vation gain in those marshes.

These results are consistent with the physical characteris-
tics of Hurricane Sandy, but the range of variation in post-
storm residual distance from predicted surface elevation

change both left and right of the storm (Fig. 7), and in the
presence and absence of storm surge (Fig. 9), indicates that a
combination of factors beyond just the physics of the storm
influenced wetland responses. By including both the rate of
elevation change and associated variation in pre-storm data,
we hoped to control for unknown differences among sites that
could bias the evaluation of storm effects. We found that these
variables had insubstantial impacts on elevation responses to
Hurricane Sandy, perhaps due to the complex and somewhat
unknown processes driving surface elevation. Some of these
factors likely include sediment availability, wetland produc-
tivity and integrity, plant community structure, wetland eleva-
tion relative to mean sea level, and the degree of hydrologic
alterations by human activities.

Implications for Marsh Resilience

The longer-term impacts on marsh resilience of a high-mag-
nitude, low-frequency event like Hurricane Sandy are variable
and may appear incongruous with such a physically powerful
event. Although we do not know the impact of Hurricane
Hugo onmarsh surface elevation change throughout the entire
coastline it affected, that storm had little impact on salt marsh
integrity at North Inlet in South Carolina (Gardner et al. 1991,
1992). Although reports of possible vegetation dieback have
been reported (e.g., Marsh et al. 2016), multiple studies have
recorded minimal floristic changes following severe storm
events. Rachlin et al. (2017) reported that species composition
of vascular flora of salt marshes in New Jersey, NewYork, and
Connecticut showed a high degree of stability (in other words,
little change) following Hurricane Sandy. Longenecker et al.
(2018) report that vegetation cover and composition were
similar before and after Hurricane Sandy in a tidal marsh at
Edwin B. Forsythe NWR in New Jersey, which is located at
the point of landfall. In addition, Wang et al. (2017) reported a
very complex pattern of accretion and erosion of marsh
surfaces for salt marshes across Jamaica Bay, but eroded
marsh surfaces recovered from the sediment loss after 1
year. Quirk (2016) hypothesized that Hurricane Sandy im-
pacts on marsh surface accretion and elevation change will
have little influence on longer-term elevation trends as well.
Given the degree of spatial variation we found in Hurricane
Sandy, surge effects on marsh elevation change, and the im-
plications for marsh resilience to future storms also will vary
spatially across the northeastern United States.

Our analyses provide inferences for storm impacts in
the short term (1 year post-storm). Namely, those stations
located left of landfall, compared with those on the right,
experienced a greater deviation from expected elevation
change, and the deviation was more likely to be positive
(elevation gain). Stations to the right of landfall experi-
enced smaller maximum deviations from expected and the
deviations were more likely to be negative (elevation loss
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relative to predicted change). Although long-term infer-
ences (> 1 year post-storm) cannot be drawn from our
analyses, it is clear that the more prevalent gain in eleva-
tion in the marshes located left of storm landfall more
likely resulted in gains in elevation capital (marsh
elevation in relation to mean sea level; Reed 2002;
Cahoon and Guntenspergen 2010) for those marshes. In
contrast, the predominance of elevation loss in marshes to
the right of landfall in the barrier island systems of north-
ern New Jersey, New York, and Connecticut likely indi-
cates those marshes lost elevation capital. Another poten-
tial factor contributing to elevation loss in the northern
marshes to the right of landfall is that they are all built
on underlying coarse-grained parent materials deposited
during and immediately after the last glaciation. This has
implications for sediment transport and trapping, with
these northern marshes often considered sediment starved
and more dependent on organic matter accumulation,
which ultimately impacts long-term marsh stability
(Stevenson et al. 1988). Hurricane Sandy came ashore just
south of the glacial deposit line, which adds another con-
founding factor in understanding the interaction between
the characteristics of the storm and geomorphic setting
along this coastline. This complex interaction of factors
likely contributed to the non-linear shape of the curve for
marshes located to the right of landfall in Fig. 5, suggest-
ing the negative impacts of the storm were greatly dimin-
ished in those marshes located greater than 200 km to the
right of landfall.

Future coastal flood risk for the east coast of the United
States will be strongly influenced by sea-level rise and chang-
es in the frequency and intensity of tropical cyclones (Tebaldi
et al. 2012;Woodruff et al. 2013; Little et al. 2015). The return
period for Hurricane Sandy’s flood height is predicted to de-
crease during the next century by a factor of up to 17-fold
owing to both sea-level rise and changes in storm climatology
(Lin et al. 2016). The frequency of tropical cyclones is
projected to decrease although the frequency of more intense
storms (category 4 and 5) is projected to increase, as is overall
tropical cyclone intensity (Knutson et al. 2010; Bender et al.
2010; Peduzzi et al. 2012). For the northeastern US coast
(Virginia and northward), relative sea-level rise is projected
to be greater than the global average for most future global
mean sea-level rise scenarios (e.g., for an intermediate scenar-
io of 1 m by 2100, this region is projected to experience an
additional 0.3 to 0.5 m [Sweet et al. 2017]), and the mid-
Atlantic coast of the United States is considered a hotspot of
accelerated sea-level rise (Sallenger et al. 2012). Furthermore,
acceleration in flooding, including minor flooding, is predict-
ed to occur for the northeast region (Ezer and Atkinson 2014),
although the existence of coastal wetlands is known to reduce
flood damage to human infrastructure on the coast
(Temmerman et al. 2013; Narayan et al. 2017). Thus, gains

in marsh elevation capital are needed to offset the projected
increases in sea level and coastal flooding frequency (Cahoon
2015), and to sustain existing marshes. Notably, as a result of
Hurricane Sandy, more marshes in the Delaware Bay and
Chesapeake Bay region gained short-term resilience than
marshes in the New Jersey to Connecticut region. Yet, each
future major storm to make landfall in the northeastern United
States will have its own unique characteristics and storm surge
impacts on coastal marsh elevation that will have a cumulative
effect on future marsh elevation capital and resilience. The
impact of each high-magnitude, low-frequency storm event
(in other words, hurricanes) will be additive to the impacts
of the low-magnitude, high-frequency storm events (in other
words, northeaster storms) that typically occur in the northeast
region of the United States each year and can generate sub-
stantial storm surges during the winter and spring (Davis and
Dolan 1993; Booth et al. 2016).

Conclusions

By analyzing surface elevation data collected both before
and after the storm, we were able to assess the effects of
Hurricane Sandy on coastal marsh resilience across a
large geographic area spanning a variety of wetland set-
tings and storm exposures and intensities. We found that
the location of marsh relative to landfall (distance and
position) influenced the likelihood of inundation from
storm surge and the magnitude and direction of the devi-
ation from expected surface elevation change in the year
following the storm. In addition to these findings, we
found little effect of geomorphic setting (estuarine versus
back-barrier lagoon) and pre-storm elevation change char-
acteristics (rate and variation) on deviation from expected
surface elevation change. As expected, storm surge
strength and extent were greater to the right of landfall
in the northeast quadrant of the storm, compared with the
left of landfall, and marshes in these areas experienced the
greatest surface elevation loss relative to expected change.
Given the high degree of spatial variation found regional-
ly in Hurricane Sandy surge effects on marsh elevation
change, the implications are that marsh resilience to future
storms also will vary spatially. Although hurricane’s have
the potential to affect the geomorphic evolution of coastal
wetlands and influence the elevation of marsh surfaces,
not all storms will have the same effect and not all coastal
wetlands will respond similarly.
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